ABSTRACT The characteristics of the clutch engagement process would have significant influences on the torque transmissibility and operation comfort. However, some crucial components are simplified in many previous literature, which would cause imprecision. Therefore, it is important to build a detailed mathematical model of these components and inspect the whole process of clutch engagement. In order to improve the torque transmissibility and achieve better pedal releasing comfort, solutions based on the modeling of the clutch cover assembly and the friction disc assembly, the analysis of the clamping force and the releasing characteristics of the release bearing are proposed in this paper. Furthermore, models of the crucial components such as the diaphragm spring, which connects the straps and cushion plate, are built and the corresponding mechanical properties are analyzed. Based on the manufacturing tolerance, the life cycle, and the wear properties, diaphragm spring correction formula is proposed by referring to Almen-Laszlo method. On the system level, the whole engagement process is divided into four stages because of the differences between the engaging and disengaging processes, which would affect the pedal releasing comfort in the manual transmission system and the shifting quality in the automated transmission system. To demonstrate the effectiveness of the proposed method, detailed mathematic models are built and the corresponding experiments are conducted.
I. INTRODUCTION
Automotive dry clutch which has been widely adopted in manual transmission system [1] and automated manual transmission (AMT) system [2] as the key launching and shifting component and has attracted the attention of many researchers both from the academic and the industry [3] . Various successful products such as the diaphragm spring clutch, self-adjusting clutch, travel adjusted clutch and predamped clutch damper catering to different needs have been developed by Valeo, LUK, SACHS and other companies which boost the development of clutch technology [4] . Although the development of new energy vehicles [5] , [6] and automatic transmission technology [7] inspires more advanced structure and complex system, the dry clutch is still widely used because of its efficiency, robustness and low
The associate editor coordinating the review of this manuscript and approving it for publication was Xu Chen. manufacturing cost [8] - [10] . As the engagement [11] and disengagement [12] processes have significant influence on the shifting smoothness and driving comfort and directly affect the torque transmission ability, in the meantime, the development of intelligent control approaches require higher precision [13] , [14] , more accurate clutch models are imperative to inspect and improve the vehicle longitudinal dynamics and torque transmissibility, which could both improve the manipulating comfort in manual transmission system and help develop more advanced control strategy in automated transmission systems such as AMT and dual clutch transmission (DCT) [15] , [16] .
For system level transmission modeling, methods such as graph theory model, screw theory and bond graph model are widely adopted to establish the vehicle transmission system dynamics equations by combining the vehicle power system with the transmission system [17] . In [18] , [19] , bond graph modeling is used to reveal the power flow of the transmission system and the torque and speed relationships between different components. Paul D. Walker et al. focused on the different degrees of freedom of a DCT system in [20] establishing a dynamic model and the corresponding torque calculation formulations. In [21] , [22] , the clutch dynamic model is included, and the corresponding equations are built. As to the component level, the clutch cover assembly and the friction disc assembly should both be considered to achieve a high level of accuracy. In [23] , the clutch cover assembly load characteristics and the disc assembly axial cushion characteristics are analyzed, and the torque calculation formulation is defined according to the pressure-based equivalent radius. Based on the frictional characteristics of clutch engagement and disengagement, the static friction coefficient and dynamic friction coefficient are used respectively to set up the torque transfer equations of the corresponding phase [24] .
In order to achieve the function of transmitting torque and cutting off the power during the process of launching and shifting [25] , four positions should be defined as engaged position, disengaging position, disengaged position and engaging position. Due to the similarity of the disengaging and engaging process, many literatures regard them as the same process where the working state of the clutch is divided into three types: the sliding process, engaged and disengaged state, and ignore the influence of its differences [13] . Although the engaging and disengaging processes in the clutch could be treated as sliding process, the loading and releasing forces would be affected by the hysteresis characteristics of the elastic elements, manufacturing and assembly tolerances. Clutch disengagement characteristics mainly affects the vehicle manipulating comfort [26] in manual transmission systems and could be used in developing advanced control strategy in automated systems [27] . The evaluation and the corresponding experiments of the ergonomics and biomechanical method such as how to operate a clutch pedal and how to measure the associated comfort have been conducted in [28] , [29] . Although the engagement and disengagement characteristics have been included in the aforesaid literature, they are treated as isolated problems, without being considered systematically. The torque transmissibility and operating comfort should be investigated in the design process at the same time. The factors, including the clamping force of the clutch cover assembly, the releasing characteristics of the release bearing, the characteristics of the friction disc assembly cushion, the clutch release system and the engaging speed would affect the engagement and disengagement performance of the clutch. As a result, by considering the disengaging and engaging process as different processes, the modeling and analysis of these four stages will be conducted systematically and measured using different criteria.
Constructing a system level dynamic model [30] with corresponding clutch cover assembly and friction disc assembly and investigating the four stages separately cannot guarantee the accuracy of the system because of the nonlinearity, delay, interference parameters and mutual influence among the clutch driving part (cover assembly), the secondary part (disc assembly) and the operating mechanism which come from the constituent components such as the diaphragm spring, the strap, the cushion plate and the friction facing materials. In [13] , [23] , the mutual activities of the cove assembly and disc assembly during the engagement of clutch have been considered as well as the influence of the key parts such as the diaphragm spring and the cushion plate. Relevant experiments verified the effectiveness and accuracy of the established dynamic mathematical model. Although these studies considered the influences of the characteristics of several components, the accuracy is still compromised by neglecting the differences between the clutch cover assembly load characteristics and the mechanical properties of the diaphragm spring [31] . Moreover, the influence of the strap on the load characteristics of the cover assembly should also be considered according to the different structures of the clutch [32] , especially the no hook clip clutch structure (e.g., VALEO company CP structure). As a result, it is necessary to establish the detailed model by reorganizing and including the detail structures and dynamic equations of the diaphragm spring, the strap and the cushion plate systematically. Then the optimized design would meet the requirements of vehicle transmission system.
The main focus of this paper can be summarized as: 1) The dynamic responses of diaphragm spring such as the hysteresis characteristics and the influence of manufacturing tolerance are investigated.
2) The cushion plate transferred force is considered to simulate the cover assembly releasing force.
3) The influence of the detailed modeling on the clutch pedal characteristics.
In this paper, the modeling, control and experiments are conducted on a push-type diaphragm spring clutch for passenger vehicles and the following works are proposed. On system level, the four stages of the clutch are defined and the corresponding dynamic models with the mechanical properties are established and analyzed in the Section 2, as well as the establishment of the system solutions for the dry clutch torque transmissibility and pedal releasing comfort based on the analysis of the clutch cover assembly load and the releasing characteristics of the release bearing, the friction disc cushion characteristics and the clutch release system. For specific constituent components, models and the corresponding mechanical properties of key parts in the clutch such as the diaphragm spring, the strap and the cushion plate will be investigated in Section 3. In Section 4, relevant experiments and analyses will be carried out to demonstrate the effectiveness of the proposed method.
II. SYSTEM MODELING AND CONTROL
In order to investigate the torque transmissibility of the clutch and achieve accurate clutch release control, a system level dynamic model is necessary. Four different working stages need to be defined along with the corresponding dynamic equations. Both detailed mathematical models of the clutch cover assembly and the disc assembly should be constructed to reveal the characteristics of the transmitted torque. VOLUME 7, 2019 To achieve better engaging and releasing control, the characteristics and influence of the clamping forces and the releasing forces will also be investigated and tested.
A. CLUTCH WORKING POSITIONS
According to the operation process of the clutch, the working states are divided into four positions: completely engaged position, disengaging position, completely disengaged position and engaging position. The detailed descriptions of each state are given as follows and the lumped models are shown in Figure 1 . 
1) ENGAGED POSITION
The diaphragm spring pushes the pressure plate, clamping the clutch disc assembly to the flywheel and transmitting the torque from the engine to the output shaft. In this stage, the clutch cover assembly and disc assembly are combined to rotate at the same speed.
As shown in Figure 1 (a), the system can be regarded as a three-degree of freedom system, and the dynamics equation can be expressed as [19] :
where T e and T v are the engine output torque and the equivalent resistance moment of the vehicle. J e , J c and J v are the equivalent moment of inertia of the crankshaft and connecting rod mechanism, the clutch, and the equivalent moment of inertia of the propeller shaft and all vehicle after the output shaft of the clutch. C e , C c and C v are damping coefficients of the engine, the clutch and the vehicle. K ec and K cv are the torsional stiffness of the connecting shaft between the engine and the flywheel, and the torsional stiffness between the clutch disc assembly and the output shaft of the clutch, respectively. θ with footnotes represent the corresponding angular displacements
2) DISENGAGING POSITION
The clutch disengaging is a continuous process where the releasing bearing pushes the center of the diaphragm spring to the flywheel, then the clutch disc assembly would gradually move away from the flywheel, leading to sliding friction between the flywheel and the disc assembly.
The dynamic model of the drivetrain in the clutch disengaging process is shown in Figure 1 (b) . Dry friction exists between the clutch cover assembly and disc assembly in the sliding condition and the sliding torque is represented by T cd . The system dynamic equations are:
where J cz and J cc are the equivalent moment of inertia of the flywheel and clutch cover assembly, and the clutch disc assembly. C cz and C cc are damping coefficients of the clutch cover assembly and the clutch disc assembly.
3) DISENGAGED POSITION
The release bearing is pushed to the specified position where the clutch disc assembly is completely disengaged with pressure plate and the flywheel. The axial clamping force becomes zero and the transmitted torque is also zero.
As shown in Figure 1 (c), the disc assembly is disconnected from the cover assembly and flywheel, the torque from the engine to the clutch disc assembly is zero. The corresponding 59102 VOLUME 7, 2019 kinetic equation is as follows:
The releasing force gradually reduces as well as the displacement of the releasing bearing resulting in the increase of the pressure plate clamping force. In this stage, relative sliding happens between the cover assembly and the disc assembly. Figure 1 (d) shows a similar process as in the disengaging process but with a different torque T ce since the loading and releasing forces would be affected by the hysteresis characteristics of the elastic elements, manufacturing and assembly tolerances, the transmitted torques are different due to the different clamping forces. The differences between them will be shown in the following sections.
B. CLUTCH TORQUE TRANSMISSIBILITY
After constructing the system level dynamic equations, the detailed clutch model should be investigated which would have a significant influence on the torque transmissibility and the control system. As the torque and speed responses during launching and shifting are two main features of a clutch system, these characteristics would be adopted to measure the performance of the proposed model in this paper. Figure 2 shows the detailed structure of the investigated dry clutch which is composed of a cover assembly, a disc assembly and a clutch operation system. Figure 2 shows the detailed structure of the investigated single-disc dry clutch which is composed of a cover assembly, a disc assembly and a clutch operation system. While the torque model, diaphragm spring modeling, strap modeling, cushion plate modeling, which are detailed in Section II.B and Section III.
The flywheel is fixed on the crankshaft and the cover assembly (clutch cover, diaphragm spring and the pressure plate) is bolted to the flywheel, thus they rotate at the engine speed. The clutch torque is generated by the friction of the frictional pads. The clutch disc is fixed at the gearbox input shaft to transmits the generated torque to the driveline [33] . In addition, there is a torsional damper in the clutch disc to damp the oscillations of engine torque [34] .
During disengagement, the release bearing connected to the release fork is pushed against the diaphragm spring under an axial force. Since the diaphragm spring act as a lever, the force direction is reversed by the diaphragm spring and the pressure plate is relieved. With the help of leaf springs, the clutch is disengaged (open) and no frictional torque is transmitted by the clutch. When the cushion spring is completely compressed by the pressure plate the clutch is closed, whereas when the cushion spring is not compressed the clutch is open [21] .
There are two different methods about the clutch torque calculation model owing to the different assumptions. One is the uniform pressure method, which assumes the uniform distribution of the pressure on the friction surface. The other is the uniform wear method, which assumes uniform distribution of wear on the friction surface.
In order to be safe, reliable and convenient to calculate, the uniform pressure method is adopted here to calculate clutch torque. With the development of the product structure of clutch, integrated cushion plate structure which is shown in Figure 3 is prevailing among passenger cars. The clamping force [23] between flywheel and pressure plate can be written as
where F pp is for the clamping force of the pressure plate and F rb represents the releasing force of clutch. ρ and ϕ are the radial and angular variables of the friction face, the R 1 and R 2 are the inner and outer radii of the clutch friction face and σ is the pressure distribution on the friction face.
The sliding torque of clutch T c can be written as
where τ is the distribution of tangential stress along the friction surfaces of the clutch, z is the friction facing number. Coefficient R µ can be introduced and defined as
In order to obtain an expression for R µ , a typical assumption made in friction mechanics is [35] τ ρ, F pp = µ ρω fc σ ρ, F pp (8) where µ (v) is the dynamic friction coefficient, with v being the tangential velocity. Since v = ρω fc , ω fc = ω f − ω c , where ω f is the angular velocity of the disc assembly and ω c is the angular velocity of the cover assembly. The following expression can be generated
If σ is assumed to be constant, then (7) and (8) become
where µ is the friction coefficient. The simplified expression of the relationship between the friction torque of the clutch T c and the clamping force F pp is
According to the analysis of the four stages of the clutch operation, the equations of transmitted torque in the four states can be determined as follows [20] 
where T avg is output average torque of engine for engaged state, F ppd is the clamping force between pressure plate and flywheel under disengaging process, µ D is the dynamic coefficient of friction facing and F ppe is the clamping force between pressure plate and flywheel under disengaging process. At engaged position, the clutch torque capacity is T cc .
T cc = zµ s 2 3
where µ s is the static friction coefficient of friction face.
C. CLUTCH DISENGAGING PROCESS AND CLUTCH CLAMPING AND RELEASING FORCE ANALYSIS
The most significant difference of clutch engaging process and disengaging process could be revealed in the pedal releasing process in manual transmission system and the clutch releasing control in automated transmission system. The different characteristics of the clamping force in these two processes would affect the vehicle longitudinal dynamic performance and the driving comfort. To investigate the influence of the disengaging process, the structure of the hydraulic releasing system should be demonstrated first, and it is shown in Figure 4 . The pedal travel S consists of the free travel S 1 and the work load travel S 2 [36] .
where S 0f is the free travel of the releasing bearing, transferring to the free travel S 1 on the pedal. d 1 and d 2 are the diameter of the master cylinder and the slave cylinder, respectively. S is the gap between the friction element surfaces when the clutch is disengaged; a, b, c, d, e and f are the lever dimensions. The pedal force F f could be calculated using the following equation:
where i is the total transmission ratio of the operating mechanism and i = . η is the mechanical efficiency and F s is the required pedal force to overcome the pull of the return spring. Normally, the characteristics of the diaphragm spring clamping force and releasing force are simplified based on several hypothesis using A-L method and only one ideal curve is obtained. However, many uncertain factors will affect the performance. Particularly, the hysteresis phenomenon occurs during operation of diaphragm spring. When the pressure on the diaphragm spring is increased or decreased, the load characteristics are different, which is caused by internal friction in the spring material itself.
In order to further reveal the difference between the engaging and disengaging process, experiments on the clamping forces and the releasing forces are conducted and the results are shown in Figure 5 . Figure 5 (a) shows the characteristics of the clamping force. There are two curves where the red upper curve is for the disengaging process and the lower green line is for the engaging process. It can be seen that the clamping force in the two process are different, shown as the differences between A and B, and between C and D, no matter the clutch is just installed or is in the wear state. This phenomenon is caused by the width of the pressure plate support, the co-axiality and the roundness of the support rings, the hysteresis of spring and so on. As a result, when calculate the transmitted torque using (12) , F ppd and F ppe are adopted. Moreover, in order to make improve the robustness of the ability to transmit torque, the tolerance is controlled within ± 8%. Figure 5 (b) shows the characteristics of the releasing forces. As the releasing forces in the disengaging process is larger than that during the engaging process, only the former is measured to calculate the pedal force. The peak of the cyan line is the maximum releasing force and the intersection point of the releasing force and the releasing travel is the force at the disengaging point. It should be noted that the zero travel of the pressure plate is caused by the deformation of the diaphragm spring resulting from the disengaging force.
To demonstrate the importance of separating the engaging and disengaging process and the influence on the clutch control, the transferred force and simulated pedal forces are shown in Figure 6 and the specific point descriptions are listed in Table 1 .
It can be seen that the pedal forces in the disengaging process and the engaging process are different which matches the analysis of Figure 5 . Moreover, the maximum disengaging pedal force is also in accordance with the releasing force of the clutch.
After the determination of the clutch specifications by the space constraints, the clamping force can be adjusted according to (12) where the clamping force, the releasing force and the pressure plate lift are related. The greater the lever ratio of the diaphragm spring is, the smaller the releasing force would be, as well as the pressure plate lift, which leads to the risk of incomplete disengagement. This feature requires a reasonable choice of the lever ratio and the adjustment of the relevant parameters of the releasing mechanisms. Adjusting the axial compressing characteristics of the cushion plate could also be an effective solution and the detailed analysis will be developed in the following sections VOLUME 7, 2019
III. DETAILED COMPONENT MODELING AND INFLUENCE ANALYSIS
Considering the mechanical characteristics of clutch constituent components such as the diaphragm spring, the strap and the cushion plate have significant influence on the clutch engagement and disengagement processes which have been neglected by many literatures, the modeling and influence analysis of each part are conducted in this section.
A. DIAPHRAGM SPRING MODELING AND ANALYSIS
In the cover assembly, the clamping and releasing characteristics are mainly determined by the diaphragm spring [37] which is shown in Figure 7 . In Figure 7 , t is thickness of the diaphragm spring, h is the truncated cone height of Belleville Spring part, R is the outer radius of diaphragm spring, r is the inner radius, L is the outer loading radius/contacting radius between the diaphragm spring and the pressure plate, l is the radius of support ring, r p is the radius of the releasing bearing, r e is the radius of the front releasing finger, δ 1 and δ 2 are the two widths between releasing fingers.
The relationship between the clamping force P 1 of the diaphragm spring and the outer edge deformation of the diaphragm spring is [38] 
where λ is the Poisson ratio, λ 1 is the outer edge deformation of diaphragm spring, E is the elastic modules. The relationship between the releasing force P 2 of diaphragm spring and the outer edge deformation of the diaphragm spring is
The lever ratio of the diaphragm spring k is The support point and clamping force point of diaphragm spring in the push-type clutch are shown in Figure 8 . In the figure, ψ is the cone angle of the diaphragm spring.
The total deformation of inner edge λ 2 is made up of λ 2 and λ 2
The relationship between the axial deformation of the diaphragm spring λ 1 and the axial deformation of the diaphragm spring λ 2 at the contact point with the pressure plate is as follows:
Substituting (20) into (17), the relation between the inner edge force P 2 and the inner displacement λ 2 is
The bending deformation of inner edge of diaphragm spring λ 2 under the force P 2 is 
where β 1 and β 2 are the width coefficients,
and n is the releasing finger number. As the diaphragm spring has significant influence on the performance of the clutch, the manufacturing tolerance of the thickness of the material and the forming truncated angle cannot be neglected. According to the material standard, the tolerance of diaphragm spring thickness is ±0.03 mm, and the average manufacturing angle tolerance of the diaphragm spring is ±20'. The detail specifications are given in Table 2 .
The manufacturing tolerance would affect the clamping forces P 1 and the releasing force P 2 , and further affect the transmitted torque of the clutch. The simulated curves of the clamping force and releasing characteristics considering the manufacturing tolerance are shown in Figure 9 . Figure 9 (a) shows the relations between clamping force and pressure plate displacement. The relations between releasing force and releasing travel are shown in Figure 9 (b). There are nine clamping and releasing curves simulated including the nominal, the maximum and minimum material thicknesses and forming truncated angles. The red lines are the corresponding clamping force and releasing force curves of the nominated size and the green lines are for the sample sets within the tolerance. These curves could reveal the minimum friction torque, maximum releasing force and the corresponding ranges which could further help ensure the torque transmissibility and the manipulating comfort of the mass production to meet the functional requirements.
B. STRAP MODELING AND ANALYSIS
The hook clips in traditional clutches are removed in new developed clutches, instead, the straps, which have considerable influence on the dynamic performance and are rarely investigated in previous literature, will connect the clutch cover and the pressure plate and will also lift the pressure plate to achieve the release function.
The relationship between the strap force F st and deformation of strap f B is as follows [39] F st = k a n s Eb s h 3
where k a is the adjustment coefficient affected by the strap material, flatness and riveting force, n s is the strap number, b s is the strap width, h s is the strap thickness, l s is the distance between two holes of strap. The clamping force F pp and releasing force F cr of cover assembly can be determined according to the cantilever beam analysis as follows
In order to reveal the effects caused by detailed analysis, the comparisons between the simplified model and the proposed model are shown in Figure 10 considering the load of diaphragm spring and the load of straps. Figure 10 (a) shows the relations between the clamping force of cover assembly and the displacement of pressure plate. In most existing literature, the load of the diaphragm spring which is the blue dotted line was treated as the clamping and of the cover assembly, ignoring the bending force F st from the deformation of the strap shown as the green line. The resultant bending force is opposite to the load of the diaphragm spring and would reduce the clamping force P 1 by 5% to 10%. This influence should be considered in the product design according to the specific situation. By considering the deformation of the strap, the resultant clamping force of the cover assembly is shown by the black solid line which is lower than the blue line. FM1 represents the required clamping force which is the mean of the clamping forces in the engaging and disengaging processes. It can be seen that with the wear of the clutch, FM1 moves to the left. Figure 10 (b) shows similar influence of the strap on the releasing force where FA1 is the maximum disengaging force for new clutch. FA2 is the minimum disengaging force. FA3 is the releasing at the maximum releasing travel and FA4 is the maximum disengaging force for wear clutch.
C. CUSHION PLATE MODELING AND ANALYSIS
The cushion plate will generate certain forces in axial direction during the engaging or disengaging process and will affect the performance of the clutch. As a result, the studies on the characteristics of the cushion plate could help investigate the dynamics of the clutch.
Because of the extremely irregular shape of cushion plate, it is complicated to define the relationship between the forces VOLUME 7, 2019 and deformations. To solve this problem, the cushion plate can be properly simplified and divided into three parts, the part directly contacts the friction face, and the left and right parts beside the contacting part, as shown in Figure 11 . Assume the left and right parts as cantilever plates, the relationship between the load and deformation can be derived. The flexural equation of the cantilever plate can be established by using the natural coordinates of the Euller-Bernoulli equation:
where D is the flexural rigidity of the model, and D = D(s), s is the distance between the fixed end and the free end, θ is the angular displacement, and M (s) is the bending moment.
where t cp is the thickness of the cushion plate, b cp is the width of the cushion plate.
When the large deflection is analyzed, the bending moment M (s) of any section is. (29) where F cp is the load from the cover assembly, H cp is the horizontal distance from the free end to the s point and can be calculated by
where ε is the length of the hypotenuse of the cushion plate. Then the following equation can be obtained:
The deflection of the free end and the horizontal displacement w are determined as
where q is length of the cantilever plate.
where θ m is the angular displacement of the free end of the cantilever plate. The cushion characteristics of the cushion plate can be obtained by adjusting the deflection of the cushion plate w according to the settled load value.
To further investigate the effectiveness of the proposed method, the axial compression characteristics of the cushion plate are tested by using the cushion characteristics testing machine shown in Figure 12 . The basic structural parameters and the material properties of cushion spring are shown in Table 3 . The testing machine mainly includes the loading mechanism, the clamping mechanism and the measuring mechanism. The disc assembly is loaded until the load reaches the specified clamping force, and the axial compression displacement and its corresponding axial compression load are recorded during this time, and the cushion characteristic curve is obtained. Figure 13 shows the comparisons between the simulated results (FE line) and the experimental measurement (EF line). Table 4 shows the numerical error of the axial load of the cushion in the simulation analysis (FE) and the experimental measurement (EF). It can be seen that the trend of the simulated curve is very similar to the experiment result. In Table 4 , the minimum load error between the simulation and the experiment is 7.1% and the maximum error is 9.9% which are is within the scope of the engineering application. There are many reasons for the error of simulation results, including the simplified simulation model and the uncertainty of the nonlinear contact parameters between the cushion plate and the friction face.
To further reveal the improvement of the detailed model of the cushion plate, the influence on the clutch engagement and disengagement processes is investigated. Assume the clutch engaging and disengaging velocities to be uniform, and the clamping force to be the corresponding deformation load of the cushion plate. When the cushion plate is fully compressed, the clamping force on the face is the clamping force of the cover assembly.
The releasing force of the clutch F rb can be expressed as follows:
where F(w) is the transferred releasing force of the disc assembly. Together with (21) and (26), the following equation can be obtained:
There is an approximate relationship between the displacement of the cushion plate w and the releasing travel λ 2 :
Combined with the releasing characteristics of the cover assembly and the characteristics of the cushion plate, the releasing characteristic comparisons are shown in Figure 14 .
When the influence of the cushion plate is not considered, the releasing force will be the force of the cover assembly represented by the black solid line between C 1 and E in new installed state. However, this contradicts the facts. The reason is that the force of the cushion plate is opposite to the force of cover assembly and the values of them are set to be almost the same. The red line between C 2 and D 1 represents the actual force combining the effects of the cover assembly (the black line between C 1 and E) and the cushion plate (the green line between C 3 and D 2 ). It can be seen that due to the cushion plate, C 1 is moved to C 2 . For D 1 , as the deformation of the cushion plate at D 2 is 0, it will not be affected. As the cushion characteristic would not change much during the lifespan shown as A 3 and B 2 , when the clutch is in wear state (black line between A 1 and C 1 ), the actual clutch force would move to the left as shown by the red line between A 2 and B 1 .
IV. EXPERIMENTS AND ANALYSIS OF THE CLUTCH ENGAGEMENT AND DISENGAGEMENT CHARACTERISTICS
In order to evaluate the performance of the proposed detailed mathematical model and the effectiveness of dividing the clutch engaging process into four stages, experiments have been carried out. The first experiment is to test the transmitted torque which can be used to evaluate the accuracy of the proposed model. The second experiment is about the pedal force control during gear shifting to demonstrate the necessity to treat the disengaging process separately.
A. TRANSMITTED TORQUE EVALUATION
In the experiment which is shown in Figure 15 , a new cover assembly and disc assembly are fixed in the testing bench of clutch characteristics which can measure rotating torque and angular speed.
The maximum torque of the engine is 225 Nm, the engaged speed is 800 r/min, the moment of inertia is 5.25 kg·m 2 , the clutch cycle time is 30 s. In accordance with the specified conditions, the clutch should be engaged and synchronized, then disengaged and braked to stop, indicating that a cycle is finished. The cycle is repeated 60 times. The curves of velocity and torque with time are recorded. The result of a selected cycle is shown in Figure 16 .
The engaged time is 1.55 S, and the disc assembly of clutch is synchronized with the cover assembly. The maximum torque is 249.78 Nm, while the clutch friction coefficient is 0.42. The outside diameter of friction facing is 220 mm, inner diameter is 155 mm, the force is concluded to 3140.4 N according to (13) . The displacement of the cushion plate is about 0.62mm according to the test curve in Figure 13 . As a comparison, the simulation results of the proposed method in shown in Figure 17 . In the simulation model built in Simulink, four degrees of freedom (DoFs) are used to describe the rotating motions of the motor, flywheel, clutch cover and inertia plate in the testing bench. This model integrates the clutch torque model and the characteristics of the strap, diaphragm spring and cushion plate. When the pressure plate starts to contact the friction face and compress the cushion spring, the clutch torque is transmitted from the driving source (motor) to the driven side (clutch disc assembly and inertia plate). As the clutch engagement process finishes, the flywheel and clutch cover assembly are fixed together under the clamping force generated by the diaphragm spring, thus they rotate at the same speed.
In addition to the detailed model, control scheme is another important aspect. Different from the complex control method in literature [40] , [41] , a simple PI controller shown in Figure 17 is applied in this paper to keep the flywheel rotating at a constant speed during engagement and disengagement. The motor is under the speed mode, thus the motor can actively adjust the output torque according to the external load and the difference between the current rotating speed and desired speed. This speed difference can be obtained by the speed feedback. Consequently, the motor can adjust the speed to the desired level. It should be noted that the motor can adjust its output torque actively based on the flywheel rotating speed and the load acting on it, i.e. the torque transmitted by the clutch, T c . When the clutch finishes the disengaging process, a breaking torque acts on the inertia plate, thus its rotating speed decreases significantly and finally arrives zero, indicating that a cycle is finished. Figure 18 also displays the simulated torque response transmitted by the friction clutch during engagement, and the torque peak is about 250 Nm. After engagement, the motor reduces the output torque to keep the inertia plate rotating at a constant speed (800 rpm), resulting in the significant decrease of the clutch torque (less than 50 Nm). Then, the torque reduces to zero before the disengagement phase (around 11.22s). Then the flywheel and clutch cover assembly are separated completely. By comparing Figure 16 and Figure 17 , the simulation results of the newly established detailed model are consistent with the experimental results, which validates the effectiveness of the proposed detailed mathematical model. A conclusion can be drawn that the important components (diaphragm spring, strap, cushion spring, etc.) have considerable influences on the clutch engagement or disengagement characteristics. Therefore, in order to improve the analysis accuracy, these influences should be taken into consideration. 
B. CLUTCH PEDAL FORCE EVALUATION
Clutch manipulate system is to realize the clutch engagement and disengagement. And the factors affecting clutch manipulating comfort mainly includes the clutch pedal position, pedal travel and the pedal force. The related researches are considered in terms of the perspective of ergonomics. The tester as shown in Figure 19 is fixed on the car, including displacement sensor and force sensor. The measure system transmits the data to the industrial personal computer which processes relevant data through special software. In the experiment, the clutch pedal is step down and slowly released. In this process, the specified position is selected, and the corresponding pedal travel and pedal force are measured. The content of pedal travel measurement includes clutch engagement travel, clutch separation point travel, pedal total travel, etc. The corresponding position is selected for pedal force measurement, and the corresponding pedal travel and pedal force are measured respectively. Then the curve can be acquired as shown in Figure 20 where the annotations are shown in Table 1 . The test results show that the design requirements can be met from the perspective of ergonomics shown in Figure 6 . Through the analysis of the previous relevant mechanical model and the determination of the evaluation method of manipulate comfort, the manipulate comfort of the manual transmission can be improved and a basis for the control of the automatic transmission can be provided. It can be summarized that the proposed detailed analysis could reveal the influences of the manufacturing tolerance on the characteristics of torque transmissibility and how the corresponding components actually affect the transmitted torque, which makes it possible to accurately decide the clutch releasing force and travel, meet the requirements of smooth torque transmit and cut off, and determine the reasonable safety coefficient. Moreover, optimal control solutions of manual transmission for handling comfort could be found by investigating the clutch pedal manipulating curve, and for automatic transmission like AMT which also adopts the clutch system, the revealed clutch characteristics such as the actual torque, force and deflection curves of each components could be used to improve the control profile to reduce the vehicle jerk caused by the clutch engagement and disengagement.
V. CONCLUSION
The paper focuses on the analysis and evaluation of engagement/disengagement characteristics of the dry clutch. First of all, considering the differences of sliding factors in the clutch engagement/disengagement process, the four states dynamics model and the mechanical equation of clutch processes are established. Then, on this basis, the clamping force and releasing force characteristics of the clutch are analyzed, the dynamic formula of dry clutch in four states are derived according to the uniform pressure method, and the system solution of dry clutch torque transmissibility and pedal operation comfort is put forward. Moreover, in order to improve the accuracy of the analysis, influences of key parts such as diaphragm spring, strap and cushion plate on clutch engagement/disengagement characteristics are investigated according to the FE analysis based on the modeling and the corresponding mechanical properties. The correction formula of A-L method is used based on the key size tolerance of diaphragm spring and considered wear properties in the life cycle. The mechanical model and formula derivation of cushion plate as the key part of the disc assembly have been carried out, and the simulation and experimental verification have been performed. At last, the test method of the clutch torque and the pedal travel and the pedal force was put forward to evaluate the engagement and disengagement characteristics of the dry clutch. The clutch torque test on the bench and the pedal travel and force test on the vehicle are carried on. This study can help improve the torque transmission stability and manipulate comfort of manual transmission and provide theoretical basis for the control of automatic transmission.
The contributions of this paper mainly include three aspects: 1) The hysteresis characteristics of diaphragm spring is considered in this study, and the influence of manufacturing tolerance of diaphragm spring on the clamping forces and the releasing force are quantitatively studied. To the best of our knowledge, the tolerance influence is ignored in the previous literature. 2) The nonlinear load characteristics of cushion spring obtained from simulation results and VOLUME 7, 2019 experiment measurement are compared to validate the effectiveness of cushion mathematical model. 3) A detailed model is built to study the impacts of subsystems on the clutch engaging performance, which includes the clutch torque model and the characteristics of diaphragm spring, cushion spring and straps. Hence, this detailed model has higher accuracy in estimating the dynamics behavior of a clutch engagement than the traditionally simplified clutch model only includes the torque model. 
